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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
In recent years, the high tensile steels have got much attention in steel structural fields. Especially, the steel plate which has 
bainitic structure manufactured by TMCP (thermo-mechanical control process) technology becomes widely used because it has 
good balance of strength, ductility and toughness. Microstructure of those material is basically bainite structures, which are
consisted of bainitic ferrite, cementite and MA (Martensite-Austenite constituent). Furthermore bainite microstructure 
manufactured by modern TMCP has extremely fine structures due to its transformation process from heavily deformed band 
structure including sub-grain structures which were generated during large amount of rolling in unrecrystallized temperature 
range called “ausforming”.
However, the theoretical mechanism of brittle fracture initiation of bainite is still not clear because of its complexity of its 
structure. According to previous research including the observation of the fracture surfaces or cross sections of fractured 
specimens, the prior phenomenon of brittle fracture may occur at either the boundary area between MA and matrix or inside of 
MA. However, the details of the prior event for the macroscopic fracture mechanism are still unknown. The purpose of this study 
is to clarify the precursor phenomenon and estimate the quantitative criterion of brittle fracture initiation of bainite steels, which 
have fine microstructures, by observing the process of it directly by the in-situ observation methods.
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1. Introduction
Today, on the background of strong demand for cost efficiency, we need higher strength and toughness steels 
more than ever before. To meet this demand, the TMCP (Thermo Mechanical Control Process) steel which has good 
material properties of strength, ductility and toughness has been developed and is widely used in steel structural 
fields now. When we choose the structural materials for some structures, we must consider not only the strength but 
also the brittle fracture toughness. Although TMCP steel usually has much better brittle fracture toughness than 
original strength steels, we still need to improve its brittle fracture toughness so as to use it safely under various 
conditions. 
In order to enhance the fracture toughness of material without extra costs, we must clarify the micro-mechanisms 
of brittle cleavage fracture. The words “the micro-mechanisms” we use here is defined by Thompson and Knott
(1993) as “the mechanical processes operating in materials on the scale of the microstructure”. However, the 
statistical models for cleavage fracture assessment and the local approaches for prediction of the macro-toughness 
parameters have been a prevalent trend and the micro-mechanisms of brittle fracture is not sufficiently focused on.
These statistical analyses have their strong benefits in predicting material’s brittle fracture toughness without 
conducting actual experiments. The analysis is based on the fracture mechanics theory, in which the chemical 
composition and manufacturing conditions are considered as variables. We can predict the microstructure using the 
chemical composition and manufacturing data, on the other hand, the accuracy of prediction of the material 
properties is not satisfactory. It is generally thought that the controlling factors of brittle fracture toughness are grain 
size, strength and the existence of hard phase. However they are controlled by so various factors that it is unable to 
evaluate the independent influence of these each factors on brittle fracture toughness by conventional experiments 
like the Charpy impact test and CTOD test. There are many researches for seeking for the dependency between the 
micro-structure and brittle fracture toughness. Nakajima et al (1972) evaluated the brittle fracture toughness of 
bainite and martensite steels and indicated that their fracture transition temperature are proportional to square root of 
cleavage fracture facet area. For predicting the material properties accurately, it is needed to clarify the basic 
Martin-Meizoso et al (1994) succeeded to explain the temperature dependency of cleavage fracture stress by using 
these three critical steps. 1: initiation of micro-crack on hard phase 2: propagating of the microcrack along a 
cleavage plane of the grain faced on the hard face 3: propagation of the crack across the next grain boundary. Today, 
although MA is regarded as one of the main causes of deteriorating of brittle fracture toughness, we have not 
revealed how MA gives a bad influence on brittle fracture toughness yet and there are some theories. Mimura et al
(1970) concluded that fracture toughness is deteriorated by the existence of MA because it is often observed in the 
trigger position of fracture. Igawa et al (1980) reported that the first microcrack was the decohesion between MA 
and ferrite matrix. He et al (1984) indicated that the first step of fracture is the initiation of micro-cracks on MA and 
then it propagated to boundaries between MA and ferrite. Chen et al (2013) investigated about the relationship 
between the size of MA and the shape of micro-cracks and indicated that the large MA leads brittle fracture by 
creating micro-cracks between mother phase and itself, on the other hand, fine MA leads to ductile fracture because 
voids are nucleated from such fine MA. In spite of these previous researches, the influence of micro-structures on 
brittle fracture toughness in bainite and its mechanism have not been fully understood. Besides, when we try to 
investigate the brittle fracture phenomenon in detail experimentally, we can only presume how it happened after 
brittle fracture came over the material because brittle fracture initiation occurs inside the structure and propagates 
very fast.  The critical condition of the decohesion and the detailed micro deformation behavior at the boundary 
between MA and matrix is still unclear.
Considering these lacking points just I mentioned above, we think what to do now is to observe how fracture 
occurs in-situ on micro structural scale. So in this research, we carried out some direct observation with specially 
designed specimens. We can observe directly the micro-processes of bainitic brittle fracture in-situ and the precursor 
phenomenon and evaluate the contribution of the factors in this system.
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2. Experiment
2.1 Materials and characterization of microstructure
Table 1 shows chemical composition of the used material. Several alloy elements are added to obtain superior 
balance of strength and toughness. This steel is in ordinary extent of modern TMCP steel, that is, low carbon content 
and little bit higher content of manganese. Vacuum melting method is used and gas compositions, oxygen and 
nitrogen are sufficiently low. In this research, we manufactured microstructure which is equivalent to TMCP metals 
by using heat cycle processor because the lab-melting material is so small that it is impossible to manufacture
samples from the actual heat rolling process of steel plates. We used Thermecmaster-Z (Fuji Electric industrial Co., 
Ltd) as the heat cycle processor. Fig.1 shows the geometry of specimens and Fig.2 does the heat cycle pattern
provided on them. The materials we use in this research are significantly flat because they are compressed by 75%. 
We took pictures of EBSD patterns across each sections shown in Fig.3 of this flat material. We used the EBSD 
equipment of TSL Solutions Co., Ltd mounted on JSM-7100F (Japan Electron Optics Laboratory Co., Ltd). IQ
images and orientation map is shown in Fig.3 It indicates that each bainitic ferrite constitutes small groups which 
have close crystal orientations and shows the flat prior austenite grain boundaries reflecting the high compression in 
non-recrystallization areas obviously. It also indicates that prior austenite grains are separated into fine bainitic 
ferrite structures. Regarding each adjacent grains as a same grain when their mis-orientation is within 15 degrees [10], 
we obtained the “effective” grain size for the fracture of bainite steels. The distribution and average value of the 
effective grain size in each section were shown in Fig.4.
        Table 1. Chemical Composition
Mark C Si Mn Others 
X 0.07 0.23 1.54 Ni,Mo,Ti,Nb,Al 
                           Fig1. Specimen for thermomechanical treatment and observation                                                 
plane of microstructure
Mark
EBSD orientation map EBSD IQ
Section A Section B Section B
X
Fig.3 SEM observation result and EBSD image of material used
Fig.2 History of thermomechanical treatment
10℃/sec
1200℃ 2min
5℃/sec
700℃ 10sec
20℃/sec
500℃ 10sec
75% compression
10℃/sec
75% compression
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Fig.4 Effective grain size distribution
We regarded each adjacent grains as a same grain when their orientations differ only within 15 degrees.
2.2 Minute tensile test
The minute tensile test specimen was quarried from the materials processed by Thermecmaster-Z as showen in 
Fig.5 and was used for tensile test for the purpose of obtaining the constitutive equation of material for FEM 
analysis. The displacement between the holding tools was measured by using a clip gauge as shown in the Fig.6.
The experiment temperature is -196 degrees because the fracture toughness test is held in the temperature. The 
constitutive equipment was obtained from the load-clip gauge curve of this experiment. The procedures are 
described below.
1) Consider the elongation measured by the clip gauge as Δclipgage. We should note that this elongation contains 
that of non-parallel part.
2) We obtain the nominal stress by dividing load P by the cross-sectional area of parallel body AGL.[𝜎𝜎𝜎𝜎𝑁𝑁𝑁𝑁]𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (1)
3) Considering about only the area of elasticity, the displacement at the parallel body is calculated by dividing the 
nominal stress by the elastic modulus of steel, and the elongation at the parallel body is equal to the multiplied 
value by  𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 . [𝜀𝜀𝜀𝜀𝑁𝑁𝑁𝑁]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = [𝜎𝜎𝜎𝜎𝑁𝑁𝑁𝑁]𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸  (2)[𝛥𝛥𝛥𝛥]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ∙ [𝜀𝜀𝜀𝜀𝑁𝑁𝑁𝑁]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (3)
4) We obtain the elongation except the parallel body by subtracting the elongation of parallel body from Δclipgage.[𝛥𝛥𝛥𝛥]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝛥𝛥𝛥𝛥𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 − [𝛥𝛥𝛥𝛥]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ･････(4)
5) Making the graph about the relatinoships between 𝛥𝛥𝛥𝛥𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒and the load, correcting the initial irregularity, and 
requiring the inclination of the graph by fitting (Figure 7). We can calculate the rate of change of load at the 
elongation of parallel body, C, by using the inclination.
6) Considering that the part except the parallel body stays within elastic region, we can obtain the elongation of 
the parallel body at arbitrary point by below equation and calculate the nominal strain.[𝛥𝛥𝛥𝛥]𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝛥𝛥𝛥𝛥𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 − 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶  (5)[𝜀𝜀𝜀𝜀𝑁𝑁𝑁𝑁]𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = [𝛥𝛥𝛥𝛥]𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺   (6)
7) We can convert them into true stress and true strain by regarding the volume as constant.
𝜎𝜎𝜎𝜎𝑇𝑇𝑇𝑇 = 𝜎𝜎𝜎𝜎𝑁𝑁𝑁𝑁(1 + 𝜀𝜀𝜀𝜀𝑁𝑁𝑁𝑁)  (7)
𝜀𝜀𝜀𝜀𝑇𝑇𝑇𝑇 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(1 + 𝜀𝜀𝜀𝜀𝑁𝑁𝑁𝑁)  (8)
8) We adjusted true stress and true strain by Swift Fitting pattern (Figure 7).
Av. 6.48 ･Av. 20.0 ･
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9) We can obtain the constitutive equation of materials about true stress and true plastic strain.
Fig 5. Minute tensile test specimen
 
 
 
 
 
 
 
 
 
 
 
Fig.7 Constitutive equation for FEM analysis
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Minute tensile test equipment
2.3 Fracture toughness test (three point bending)
We also conducted fracture toughness test (three point 
bending) and observed the fracture surfaces. Quarried 
square timbers were notched sharply by electron 
discharge machining (Fig.8). The experiment was 
conducted at -196 degrees. FEM analysis was conducted. 
Considering the symmetry properties of the model, Fig.9
exhibits the quarter of the model. We used Abaqus6.14-1
and static implicit method. The constitutive equality of 
material under -196 degrees was used for FEM analysis. 
Fig.10 shows the relationships between the load and 
stroke, and the graphs match with each other excluding 
the point of pop-ins. Fig.11 shows an example of 
identification of the trigger point and the records of the 
maximum principal stress and deformation at the point 
analyzed by FEM. The brittle fracture occurs when the 
stress reaches 2000~2400 MPa in continuum mechanics. 
However we should note that we need sufficient samples 
for discussing because the brittle fracture is stochastic 
phenomenon.
After the three point bending (brittle fracture initiated 
and propagated throughout the specimen), we polished the 
specimen vertically from the surface to the trigger point of 
brittle fracture. Then EBSD orientation map is obtained in 
the vicinity of the trigger point of brittle fracture.
Fig.9 FEM model for simulation of three-point bending tests
Fig.8 Three point bending specimen
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Fig.10 Correspondence of experiment and FEM analysis
Fig.11 History of maximum principal stress and equivalent 
plastic strain at the trigger point of each specimen
 
 
 
 
Fig.12 Special compressive specimen
 
 
 
 
 
Fig.13 Special compression test machine
  
2.4 Special compression test
It is difficult by the ordinal fracture toughness experiment as discussed 
in prior part to observe the brittle fracture in-situ because brittle fracture 
occurs inside the plate. Although we can observe surface area, it doesn’t 
reach high stress because it is relieved around there, so brittle fracture 
seldom occurs at surface area. So we designed special specimens so that 
the area of the maximum principal stress comes up near the surface
(Fig.12). We can add constant compressive displacement by a stroke 
(300µm compression per one rotation of the right-hand screw) and set it 
together with the jig tool for SEM observation (Fig.13). The image of the 
finite element mesh for this specimen and the point of SEM observation 
are shown in Fig.14. By loading gradually, we can observed the 
increasing number of micro-cracks around MA near the surface area of 
Fig.14 Finite Element mesh for special 
compression test specimen
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specimen clearly (Fig.15). There was not any micro-crack which led to cleavage fracture. Although the initiation 
appearance of micro-cracks is not clearly observed, we confirmed some of micro-cracks are initiated at MA which 
exfoliates from the boundary of matrix by observation. 
    
(a) (b) (c) (d)
Fig 15 Fixed-position observation of microstructure during loading
We conducted FEM analysis demanding for each physical quantity. Fig.16 exhibits the contour maps of maximum 
principal stress when the stroke displacement ⊿L=0.247mm. The maximum principal stress reaches the highest 
point at the top of the specimen. Fig.17 shows the transition of the displacement and maximum principal stress at 
this point. Two points in this figure show the observing point in an experiment. Though the strict requirement for 
initiation of micro-cracks has not been clarified yet, we observed micro-cracks under low displacement conditions
even though the displacement is regarded as the controlling factor of them.
 
Fig 16 Fixed-position observation of microstructure during loading
Fig.17
History of equivalent plastic strain and maximum 
principal stress 
3. Further observation and discussion
As shown in Fig.15, microcracks are created at the vicinity of 
MA from relatively small amount of loading. Morphology of the 
crack is classified to several patterns. As for this time condition, 
that is, kind of steel, load and temperature, decohesion seems the 
major process. However, each microcrack does not propagate into 
matrix and remains as isolated crack. This means driving force 
does not reach critical property for cleavage fracture in ferrite 
matrix. If the driving force increases to more than critical 
condition, ferrite matrix is expected to break. According to SEM 
and EBSD observation of brittle crack initiation area of fracture 
toughness test, MA or trace of MA is observed at the trigger point. 
This observation supported above scenario. 
Example of measurement of size of fracture facet at the trigger 
position is shown in Fig.16. The range of facet size is 20~41μm by observations in multiple fracture toughness 
Fig.16 SEM observation for trigger point of brittle fracture
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specimens as shown in Table 2. On the other hand, comparing with effective grain size defined as the area 
surrounded by 15degree misorientation lines, fracture facet 
seems to be relatively large. This shows that the weakest 
link mechanism works in choosing the largest grain as the 
macroscopic brittle fracture initiation site of bainite matrix. 
The reason of high toughness of TMCP steel can be 
thought fine microstructure formation by TMCP and 
enhancement of critical fracture stress obtained as the 
result of microstructure refinement. 
As future work, in-situ observation for understanding of micromechanisms of brittle crack initiation will be 
carried out taking advantage of this configuration. Furthermore, suitable manufacturing process for enhancement of 
fracture toughness will be investigated.
4. Conclusions
In order to clarify the mechanisms of brittle crack initiation in the microstructure manufactured by TMCP, 
several experiments including applying thermal processing reproduction apparatus and numerical analysis based on 
continuum mechanics, were carried out. Following results are obtained.
1) Specimen size is limited considering the restriction in the thermal processing machine so all used specimen 
is smaller than usual. As a result of SENB tests in -196°C whose thickness is only 3mm, brittle fracture was 
occurred before beginning of macroscopic plastic deformation. FEM analysis was carried out after formation 
of constitutive equation of the steel at -196°C by actual tensile test result. Critical fracture stress was 
concluded to be 2200~2400MPa.
2) According to observation of fracture surface, in most case, there seems to be the trace of MA at the trigger 
point. Fracture facet size in fracture toughness test is larger than the average value of effective grain size. 
This shows the possibility of crack retention at the length of one grain and existence of the weakest link 
mechanism in macroscopic fracture initiation. That seems natural from the viewpoint of crack length effect 
on the driving force of crack re-initiation based on the Griffith’s theory.
3) New specimen configuration was devised in order to observe the brittle fracture initiation procedure directly 
at surface, which is easy to observe. Microcracks formation was observed at the same position in several 
loading steps.  As a result, microcrack is nucleated around MA. The mechanism of the microcrack formation 
can be estimated to be decohesion in the boundary between MA and matrix. Cracking within MA itself has 
never been observed.
4) By further experimental research, detailed process of brittle crack initiation will be investigated through the 
observation of the microstructure change by EBSD and so on.
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Table 2 fracture facet size-area of each types
X
each Av.
Equivalent circle 
diameter [μm]
25.8 20.7 26.3
40.0 31.8
